Shear-waves in combined crosshole surveys, VSPs, and reverse VSPs at the Conoco Borehole Test Facility, Oklahoma, are analyzed to examine the relationship between shear-wave propagation and natural fracture systems. The surveys cover a range of azimuths and angles of incidence, and give the possibility of studying fracture-related azimuthal anisotropy in some detail. The data display several features characterisitic of seismic anisotropy. Shear-wave splitting, displaying substantial time delays between the split shear-waves of up to 7ms for source-geophone distances of less than 50m, suggests large fracture density. Estimates of faster shear-wave polarizations and time delays confirm the N30" f 15"E fracture strike deduced from other geological and hydrological observations. Analyses of crosshole data including modelling with synthetic seismograms suggest that at least the dominant fracture set is rotated by 20" from the vertical. A good match of synthetic seismograms with observations were obtained, which further support our analyses.
INTRODUCTION
The recognition and observation of shear-wave splitting offer the possibility of using seismic shear-waves to evaluate the fracture parameters, and pore-fluid properties (reviewed by Crampin, 1987) , and estimate the internal structure of reservoirs (Crampin et al., 1986) . Crampin (1990) has suggested that such techniques offer possible ways of monitoring reservior development during enhanced oil recovery.
However, reservoir description and recovery monitoring require high-frequency and broad-band seismic data. A potential technique, as suggested by Nur (1989) , is to take advantage of the distribution of injection and recovery wells to monitor the reservoir by mounting crosshole surveys between wells.
As part of this attempt, crosshole (CHS), VSP, and reverse VSP (RVSP) surveys were performed at five shallow boreholes (down to 50 meters) at the Conoco Borehole Test Facility (CBTF), Kay County, Oklahoma (Queen and Rizer 1990; Liu et al., 1991) . The study area is highly fractured with two distinct fracture sets visible at surface outcrops. Conoco downhole rotary sources were located downhole and have been decomposed into linear equivalents of radial (in-line) and transverse (cross-line) components. Three-component geophones were located on the surface for RVSPs, and in wells for CHSs and VSPs. The surveys cover a range of different azimuths and angles of incidence which makes it possible to study fracture-induced azimuthal anisotropy in some detail.
The polarizations of leading shear-waves from the CHS and RVSP data extracted with automated techniques are consistent with the fracture orientation inferred previously from other geological and hydrological observations. Synthetic modelling indicates that at least the dominant fracture set is deviated from the vertical by up to 20". We match the observations with the synthetic seismograms for the CHS and VSP datasets, which further confirm our analyses. 
DATASETS

ESTIMATES OF FRACTURE PARAMETERS
The two most commonly used parameters to describe shear-wave splitting are the polarization of the leading shear-waves, and the time-delay between the faster and slower split shear-waves. A number of automated methods for determining these two parameters have been developed. We apply two techniques (Alford, 1986; Li and Crampin, 1991) designed for 4-component shear-wave data (two source orientations and two horizontal geophone recordings) to evaluate shear-wave splitting. We obtain good match of synthetic and observed VSP data based on the fracture parameters obtained from CHS and RVSP data. This provides further confirmation that our interpretation is correct. Figure 2 shows the histograms at 5" intervals of measured polarizations of the faster split shear-waves from the CHS (4 azimuths) and RVSP (IO azimuths) datasets. The measured polarization of the faster split shear-waves show remarkable consistency for both CHS and RVSP data, and both indicate fracture orientations approximately N70" f 15"E agreeing with the geological and hydrological observations and results from an adjacent deep VSP datasets reported by Queen and Rizer ( 1990) . We only processed the CHS data for two deep geophones, where the angles of incidence are less than 30" from the vertical due to refraction from the high-velocity Fort Riley Limestone layer above these two geophones (Liu et al., 199 1). The consistence of the estimated polarizations of the leading split shear-waves from deep geophones in CHSs and surface geophones in RVSPs suggests that the anisotropic structure of the CBTF site is comparatively uniform in at least the top 50m.
The maximum time delay obtained from RVSP data is 6 to 7ms. VSP data also show significant time splitting of 5 to 6ms in directions close to the fracture orientations. Using an isotropie velocity structure and assuming a uniform distribution of fractures, a conservative estimate of the crack density is between 0.1 and 0.15.
MODELLING RESULTS
The behaviour of seismic waves in anistropic material may be unfamilar, and it is difficult to specify anisotropic behavicur exactly without modelling observations with synthetic seismograms. We suggest that matching recorded waveforms with fullwave synthetic seismograms must be the most complete demonstration that any interpretation of the anisotropy is correct. Consequently, we now present examples of synthetic seismograms for the VSP and crosshole data based on our previous estimates of anistropic parameters. Figure 3 shows an example comparing synthetic seismograms with the observations for the CHS data (GW5 to GW4). The synthetic seismograms display several of the characteristic features of the recorded seismograms, particularly the strong energy on vertical components from both in-line and cross-line sources. Our interpretation is that at least the dominant fracture set deviates from the vertical by up to 20". The particle motions from both the synthetic and observed seismograms show strong elliptical motions ( Figure  4) , characteristic of guided wave motion in anisotropic layers, and no shear-wave splitting can be identified despite the strong fracture density used in the modelling. Elsewhere, we have interpreted this as due to guided waves at the high-velocity constrast interfaces (Liu et al., 1991, Lou and Crampin, 1991 ). An example of modelling of VSP data (VSP-2 in Figure lb ) is presented in Figure 5 , where the seismograms are displayed with each trace individually normalized. The radial component motion from the in-line source is about 5ms (half a cycle) faster than the transverse component from the X-line source in both the observed and synthetic seismograms. This is because the raypaths are close to the strike of the dominant fracture set, so that the radial motions are dominant by the faster shear-waves and the transverse by the slower shear-waves. Synthetic and observed seismograms also show ': . remarkable similarity of waveforms, and provide further confirmation of our analysis of the CHS and RVSP data in the previous section. The main discrepancy is that the large P-waves in the shallow geophones in synthetic seismograms does not appear in the observations, and the observed seismograms show significant high frequency ringing waveforms, which are apparent in radial components (the RVSP data show similar features). This could be related to the possible large fractures, although the more likely explanation is high-attenuation in the heterogenous near-surface structures.
CONCLUSIONS
This study shows that the effects of fracture-induced seismic misotropy can be observed and modelled in CHSs, VSPs, and RVSPs. We have shown that fracture parameters can be nferred from the observation with automated techniques. In :onclusion, the CBTF site is highly fractured with a fracture lensity of at least 0.1, and (at least) the dominant fracture set s slightly deviated from vertical orientation. The combination If CHSs, VSPs, and RVSPs gives an efficient way to evaluate iacture parameters in details, particularly for the study of luid flow at shallow depths in hydrological investigations. particle motions for GW5 to GW4 CHS data (Figure 3 ). Note that only particle motions for X-line sources are plotted.
